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This study examines the transport of atrazine, an herbicide used in Kentucky to 
control grassy and broad-leaf weeds in corn fields, on suspended sediments. Atrazine is a 
known carcinogen and endocrine disruptor and has been shown to be toxic at low 
environmental concentrations. Atrazine has the capacity to adsorb to soil particles, which 
in karst areas such as those found in south central Kentucky can be transported directly 
into the groundwater. 
Suspended sediments and water were collected from a well at the Hawkins River 
in Mammoth Cave National Park during a spring storm and tested for atrazine. Atrazine 
was found in concentrations exceeding 3 |ig/l in all of the sediment samples collected. 
Concentrations of atrazine in the cave stream's water were low, ranging from non-
detectable traces to 0.1 (j.g/1. These results indicate that, in some cases, adsorption to 
sediments may be a major mechanism for atrazine transport in karst regions. The 
relatively high levels of atrazine present on the suspended sediments raise serious 
concerns, since this mode of transport has received little attention in karst environments. 
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Chapter I. 
Introduction 
Water quality has been a major environmental concern since the emergence of the 
environmental movement in the 1960s. The first pieces of environmental legislation, 
such as the National Environmental Policy Act (NEPA) of 1969, the Safe Drinking Water 
Act (SDWA) of 1974, and the Clean Water Act (CWA) of 1977, focused on water quality 
(Fetter, 1994). Environmental catastrophes, such as those at Love Canal, New York, and 
Times Beach, Missouri, further intensified concerns about water quality, especially 
groundwater quality. 
Since the implementation of strict regulations on industrial facility discharges and 
other point sources of pollution, water quality has improved greatly (EPA, 1995a). 
However, many of our lakes, rivers, and streams are still highly contaminated. The 
United States Geological Survey (USGS)(1999) reports that 40% of the waters surveyed 
by the states are considered unsafe for fishing or swimming. 
An increasing amount of the pollutants affecting the nation's ground and surface 
water resources comes from nonpoint sources (USGS, 1999; EPA, 1995a). Depending 
on the landuse in a given basin, the types and sources of nonpoint pollution can vary 
widely. In urban areas, for example, oil and gas from city streets, de-icer from airports, 
and lawn chemicals can all be serious problems. In rural and agricultural areas, 
fertilizers, animal feces, human waste from septic tanks, and pesticides are major 
contaminants in both surface and groundwater. Agriculture has in fact become the 
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primary source of contamination for the United States' waterways system (USGS, 1999). 
By their nature, most forms of nonpoint source pollution are variable both temporally and 
spatially, which makes them difficult to monitor or regulate (USGS, 1999). An improved 
understanding of the processes that cause this variation is crucial to our efforts in 
addressing this problem. 
South central Kentucky is primarily an agricultural region. As such, it 
experiences serious water quality problems associated with agricultural runoff, including 
both high fecal bacteria counts from animal waste and pesticides from row crops 
(TACWQ, 2000; Currens, 1999; Meiman 1999; White, 1989). Water quality problems in 
south central Kentucky are compounded by the region's limestone bedrock, which forms 
a landscape known as karst. 
Karst landscapes and/or aquifers experience the full range of water quality 
problems experienced in other areas, as well as additional problems unique to karst. 
Karst water quality is threatened by both point-source and nonpoint-source pollution. In 
south central Kentucky, major contributors to nonpoint pollution are agriculture, urban 
runoff, and on-site sewage-disposal systems (septic tanks) ( Currens, 1999; USGS, 1999; 
Crawford, 1989; EPA, 1995a). Point sources may include industrial facility discharges, 
accidental spills, and municipal sewage treatment plants, to name a few. Recent work by 
the Technical Assistance Center for Water Quality (TACWQ) at Western Kentucky 
University has shown that the combination of intensive agricultural activity and the 
hydrogeologic characteristics of karst combine to pose a threat to groundwater quality. Of 
particular concern are the levels of pesticides and fecal coliform found in karst water 
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supplies (TACWQ Annual Report, 2000; Currens, 1999; Ryan and Meiman, 1996; Hall, 
1996). 
Atrazine is a herbicide known to bond to the surface of soil particles. The adsorption 
of atrazine to soil is intended to aid in immobilizing it, thereby preventing it from 
contaminating groundwater. In south central Kentucky, however, the karst drainage 
makes the immobilization of atrazine by soil adsorption uncertain. The possibility exists 
that atrazine may be introduced into karst groundwater by multiple paths. First, surface 
runoff may carry dissolved or suspended atrazine molecules into the groundwater via 
sinkholes, karst windows, or sinking streams. Second, dissolved or suspended atrazine 
may be rapidly transported through the soil via soil piping to the epikarst where it could 
subsequently enter the groundwater. Finally, atrazine adsorbed to soil particles at the 
surface might be entrained during runoff events and carried on the sediment to the aquifer 
via sinkholes, karst windows, or sinking streams. 
Understanding the transport mechanisms of atrazine and other similar contaminants is 
an important step toward improving our ability to manage the quality of karst water. 
While extensive research has been conducted on dissolved atrazine in groundwater, no 
previous research has closely examined the possibility of sediment-borne atrazine 
contaminating aquifers. This research was conducted to explore the hypothesis that such 
transport does indeed occur. By providing a basic framework for defining and discussing 
atrazine transport modes in karst settings, it is hoped that the results of this study will be 
useful in forming a basis for decision-makers to better protect and preserve these 
sensitive environments. 
Chapter II. 
Background 
Karst is widespread in the United States. Ford and Williams (1989) estimate that 
twenty-five percent of the world's population gets its drinking water from karst aquifers. 
Karst landscapes are most commonly developed in areas typified by exposed carbonate 
bedrock, though it is possible for karst networks to develop beneath non-carbonate rock 
formations or thick layers of alluvium. In the latter case, it may be difficult to recognize 
a karst area by surface observation alone; landscape features usually associated with karst 
may not be present at the surface. In less common cases, karst features may be found in 
easily dissolved deposits of non-carbonate minerals, such as halite (White, 1988). The 
defining feature of karst landscapes is that they are developed by the enlargement of 
cavities or fractures in the bedrock by solutional processes. In the most common case, 
this enlargement occurs when carbonate rock is dissolved by naturally occurring carbonic 
acid in water that is exposed to the atmosphere. This slow but persistent process can lead 
to the formation of several unique landscape features (Figure 1). 
The largest of these features are caves. White (1988) defines caves as "natural 
openings in the earth." He goes on to point out that the idea of a cave is relative to size. 
What seems like a large cave to us might be a small hole to an elephant, and likewise an 
ant's perspective of what a cave is would also likely be very different from ours. For the 
purposes of this discussion, a cave is defined as a solutional opening in the bedrock large 
enough for an adult human to enter. Smaller conduits and fractures often act as 
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Figure 1. A conceptual model of a karst landscape (Adapted from Gunn, 1985). 
tributaries to cave streams, channeling water from throughout the basin toward its major 
discharge points. Fractures are openings in the bedrock that are not primarily the result 
of dissolution, and can range in size from hairline cracks to huge fissures. In well-
developed karst landscapes, it is common for the entire drainage network of a basin to be 
underground (Ford and Williams, 1989; White, 1988). 
Sinkholes are another common feature in karst landscapes. A sinkhole is an 
enclosed depression resulting directly or indirectly from solutional processes. Sinkholes 
act as focal points for the drainage of surface water into the karst aquifer. The structural 
nature of sinkholes and the frequency with which they occur in a given area can vary 
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greatly depending on the geologic setting (White, 1988; Mills and Starnes, 1983; 
Howard, 1968; Lavalle, 1968). 
Sinking streams, also known as swallets, are another feature indicative of karst 
landscapes. These streams, which can in fact be major rivers, are surface streams that 
flow into a cave and move through the cave system until they are discharged at a spring 
(Ford and Williams, 1989; White, 1988). 
Springs are the discharge points at which underground flow returns to the surface. 
Springs are common in areas with karst landscapes due to the concentration of drainage 
in the subsurface. Discharge can vary greatly from spring to spring depending on the 
area a given spring drains. Any particular spring may also vary in productivity in 
response to the amount of water currently in the system (Halihan et al., 1998; Hess, 1999; 
Ford and Williams, 1989; White, 1988). 
In addition to these very visible features, karst areas often develop what is known 
as epikarst or the subcutaneous zone at the soil/bedrock interface (Williams, 1985; 
Williams, 1983). Water that has infiltrated though the soil column is generally 
undersaturated as regards limestone (CaCOs). As the water enters joints and fractures, it 
can enlarge them by dissolution. As it moves deeper into the bedrock, however, the 
concentration of dissolved calcium carbonate in the water nears equilibrium, resulting in 
a decrease in the amount of limestone dissolved. The increasing constriction of these 
pathways with depth can result in the formation of a more or less permanent perched 
aquifer at or near the soil/bedrock interface. In some cases, one or more of the vertical 
pathways in the epikarstic zone may become sufficiently enlarged to allow water to flow 
through it relatively quickly. In such cases, a cone of depression may form in the perched 
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aquifer thereby creating a preferential flowpath for the water in the subcutaneous zone. 
This scenario permits an increase in the rate at which water can be transported from the 
surface to the aquifer (Williams, 1985; Williams, 1983). In addition, soil particles can be 
washed into the epikarstic zone and then transported to the aquifer via these solutionally 
enlarged pathways. This phenomenon, called soil piping, results in the creation of voids 
within the soil column (Crawford, 1989, White, 1988). These voids make the soil much 
more porous than it would otherwise be, and can contribute greatly to the speed at which 
water from the surface reaches the epikarstic zone and subsequently enters the aquifer 
(White, 1988). 
The hydrology of karst can be complex. In most cases, primary (i.e., 
depositional) porosity in karst-forming rocks is a very minor component of fluid 
movement in the aquifer. There are notable exceptions to this lack of primary porosity, 
such as the karst found in the highly permeable limestones of Florida, the Bahamas, and 
the Caribbean. In Kentucky, however, almost all movement within the aquifer is due to 
secondary porosity (Mylroie and Jenson, 2002; White, 2002; Carew and Mylroie, 1997; 
White, 1989). Joints, fractures, and bedding planes can become preferential flow paths 
for water entering and moving through the aquifer and thus become foci for dissolution. 
Contact with water undersaturated with limestone can enlarge these features, eventually 
forming conduits, caves, sinkholes, and epikarstic zones. It is important to note, 
however, that laminar flow through small cracks and fractures is also a component of 
karst aquifer flow and contributes to the ability of the aquifer to store both water and any 
contaminants found in the water. Preferential flow along structural features and/or 
bedding planes makes karst aquifers anisotropic. As a result, the modeling of karst 
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groundwater systems is difficult and requires various and innovative approaches (Birk et 
al., 2002; Groves and Meiman, 1995; Fetter, 1994; Dreybrodt, 1992). In addition, other 
structural features, such as the bedrock dip, may have a profound influence on both the 
hydrology and the geomorphology of a karst region (White, 1988; Howard, 1968). 
In some ways, karst aquifers behave like surface drainage networks. Like surface 
streams, karst drainages are often hierarchical in nature (Glennon, 2001; White, 1988). 
They can have the capacity to move large amounts of water quickly. The difficulty in 
working in karst drainage as opposed to surface drainage is that the extent of the drainage 
basin and its constituents are often not readily observable from inspection of the surface 
topography. A commonly used method to determine the area of a karst drainage basin is 
to inject fluorescent dyes into the system. Detection (or non-detection) of the dyes at 
various points in a system determines whether or not the dye injection point is in the 
same basin. This method has proven effective not only in delineating karst boundaries 
but also in demonstrating characteristics of karst aquifers (Ryan and Meiman, 1996; 
White, 1988; Crawford, 1979; Smart and Laidlaw, 1977; Aley, 1976). 
Like surface streams, karst drainage networks respond quickly to rainfall events. 
Direct input from sinkholes and sinking streams, as well as rapid transport through the 
epikarst, can result in the movement of water from the surface to the aquifer in a short 
period. The lack of filtration and the turbulent flow combined can result in large amounts 
of sediment, bacteria, and other contaminants moving into and through the system. As a 
result, karst groundwater is much more sensitive to contamination than the water found in 
most other aquifers (Fenlon and Moore, 1998; Crawford, 1989; White, 1988). 
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Also, sediment transport in karst flow systems often shares similarities with that 
of surface streams. Sediment is transported as either bed load or suspended load. The 
bed load is the portion of the sediment bed that is moved by traction and saltation along 
the stream bottom. The suspended load is generally lighter and made up of finer particles 
than is the bed load. Suspended sediments are kept afloat by turbulence in the stream. 
The dividing line between the suspended load and the bed load is not easily observed, and 
is also poorly defined (Fetter, 1994; White 1988). Under baseflow conditions, very little 
sediment transport occurs in most cave streams. Because of the difficulties in observing 
cave streams during floods, little is known about the dynamics of sediment transport 
under those conditions (White, 1988). 
Atrazine (2-chloro-4-ethylamine-6-isopropylamino-S-triazine) is a triazine-class 
herbicide that is widely used in Kentucky to control broad-leaf and grassy weeds in corn 
cultivation (ETOXONET, 2000; Currens, 1999). It is classified as a Restricted Use 
Pesticide due to its potential for groundwater contamination and because it is a known 
carcinogen and endocrine disrupter (ETOXONET, 2000; Ware, 1986). It has class III 
(slight) toxicity, but since 1994 it has been subject to a special review by the 
Environmental Protection Agency (EPA) which ultimately may result in additional use 
restrictions (ETOXONET, 2000). High levels of this pesticide have been found in 
drinking water supplies at Marion, Kentucky and Lewisburg, Kentucky as well as in 
Mammoth Cave National Park (MCNP), which is both an International Biosphere 
Reserve and a World Heritage Site (TACWQ Annual Report, 2000; Meiman, 1999). The 
EPA has assigned atrazine a Maximum Contaminant Level (MCL) of 3.0 (j.g/1 in finished 
drinking water. Atrazine levels at the aforementioned drinking water supplies have at 
10 
times been more than ten times that amount (TACWQ, 2000). In addition, a recent study 
suggests that atrazine may also be dangerous to wildlife and at much lower 
concentrations than the MCL for drinking water (Hayes et al., 2002). Hayes and others 
(2002) found that atrazine was linked to demasculinization and hermaphroditization of 
frogs that were in contact with water with atrazine concentrations as low as 0.1 p.g/L. 
This study raises concerns regarding the health of the Kentucky Cave Shrimp 
(Palaemonias ganteri), a federally listed endangered species found in Mammoth Cave, as 
well as several rare cave crawfish (Orconectes inermis and Orconectes pellucidus) and 
cave fish (Amblyopsis spelaea and Tryphlichthys subterraneus ). 
In theory, the potential for atrazine to contaminate groundwater is limited because 
it is commonly adsorbed to soil particles (Pierzynski et al., 1993; Green and Karickhoff, 
1990; Novotney and Chesters,1981; Calvet, 1980; Green, 1974). Adsorption is defined 
as the attachment of a solute to the surface of a solid and/or the accumulation of solutes 
near the solid-solution interface (Drever, 1997). Adsorption can occur in a number of 
ways. Physical adsorption occurs when weak van der Waal's forces hold a solute to a 
solid surface. Solid surfaces with a net electrical charge can also attract dissolved 
molecules of the opposite charge and/or polar molecules. Additionally, in some cases 
chemical bonds can be formed between molecules in solution and atoms at the solid 
surface (Drever, 1997). 
In the simplest case, the concentration of a solute that is adsorbed will be 
proportional to the concentration in solution. This relationship is described using the 
linear distribution coefficient (Figure 2). A more realistic representation of adsorption is 
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Figure 2. An example of a linear distribution coefficient (Source: Drever, 1997). 
the Freundlich isotherm, which incorporates an experimentally derived exponential 
function (usually with a value of less than one) to represent a decrease in adsorption in 
concentrated solutions (Figure 3). This reduction is related to the amount of available 
adsorption sites on the solid surface, which can play a major role in determining how 
much of a given solute can be removed from the solution by adsorption. As the amount 
of solute adsorbed increases, the availability of adsorption sites on the surface is reduced. 
The Langmuir isotherm incorporates adsorption site availability (Figure 4). Like the 
Freundlich isotherm, this function flattens out at high concentrations of solute, but it does 
not allow the concentration of adsorbed solute to exceed the adsorption capacity of the 
solid surface (Drever, 1997). 
Atrazine, a polar organic compound, can be adsorbed by several different 
Figure 3. An example of a Freundlich isotherm (Source: Drever, 1997). 
Figure 4. An example of a Langmuir isotherm (Source: Drever, 1997). 
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mechanisms. Covalent and van der Waal's bonds can occur between atrazine and 
negatively charged surfaces, such as those found on clays (Drever, 1997; Green, 1974). 
Van der Waal's bonds are weak, easily reversible bonds created by electrostatic attraction 
between positively charged ions in the solution and the negatively charged surface. 
Covalent bonds are the result of electron sharing, and can be both strong and persistent 
bonds. Study of experimental data suggests that covalent bonding may be the preferred 
adsorption mechanism, as the bulk of adsorbed atrazine is found on particles of the clay 
size fraction (Green, 1974). Other possible adsorption mechanisms include ligand 
exchange, dipole-dipole interactions, and hydrogen bonding. Despite numerous studies 
that have focused on these interactions, the mechanics are still poorly understood (Jenks, 
1998; Drever, 1997; Pierzynski et al., 1993). 
Jenks and others (1998) suggested that the amount of organic matter (by weight) 
of a given soil is the main factor in determining atrazine adsorption, followed closely by 
soil pH. A multiple regression analysis of soil organic matter content and cation 
exchange capacity (CEC) produced an r2 of 0.99. It was also noted that soils with high 
adsorption capacities (i.e., soils with large organic and/or clay fractions) tended to permit 
less desorption. The pH was also a factor; low pHs favored adsorption and high pHs 
favored desorption (Jenks et al., 1998). 
In recent years, numerous studies have found evidence that atrazine does present a 
threat to groundwater quality, despite its ability to adsorb to soils ( Burkart et al., 1999a; 
Burkart et al., 1999b; Wade et al. 1998; Fenlon and Moore, 1998; Kolpin et al., 1997; 
Richards et al., 1996). The potential threat of groundwater contamination has been shown 
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to be largely dependent on the type of aquifer. Shallow alluvial aquifers and karst 
aquifers have been found to be the most sensitive to atrazine contamination, while deeper 
or confined aquifers were found to be less vulnerable (Fenlon and Moore, 1998; Kolpin 
et al., 1997; Richards et al., 1996). Soil composition also plays a role in the sensitivity of 
a given aquifer. Burkart and others (1999b) found that soil characteristics accounted for 
33.4% of the variation in atrazine concentrations in groundwater. They suggested that 
hydrology, land use, and other factors also play a role in atrazine transport. Weather 
patterns may also impact the amount of atrazine transport into groundwater. Shipitalo 
and others (1990) found that a plot that received a small rain event followed by two larger 
rain events produced between two and ten times less atrazine in water percolating 
through the soil column than plots that did not receive the initial light rain. They 
concluded that the light rain moved the atrazine into the soil matrix and reduced the 
potential for transport in subsequent precipitation events. Atrazine can, however, move 
rapidly downward if present in soil during heavy rains. Research by Kelly and Wilson 
(2000) suggested that atrazine could move as much as 4.5 meters downward through the 
soil column in less than 24 hours during a simulated heavy rain. The potential for 
atrazine to move so rapidly may aid in explaining the prevalence of the chemical in 
groundwater. 
Numerous studies have examined levels of pesticides in karst (Currens, 1999; 
Meiman, 1999; Liu and Libra, 1999). The National Park Service conducted a study on 
pesticide levels in Mammoth Cave from 1992 to 1993 (Meiman, 1999). The herbicides 
atrazine and metolachlor were found to be the most concentrated contaminants. In one 
case, levels of atrazine were found to be seven times higher than allowed by drinking 
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water standards. The pesticides were found to be a potential threat to wildlife, including 
the endangered Kentucky Blind Cave Shrimp, in most of the park's watersheds. Two 
basic observations were made regarding pesticide transport: 1) the highest levels of 
pesticides were found during and immediately after major runoff events following 
application of pesticides in the basin, and 2) that peak levels of pesticide were coincident 
with peak levels of suspended sediment (Meiman, 1999; Hall, 1996). A study of the Big 
Spring Basin in Iowa demonstrated that pesticide levels in karst aquifers could be 
reduced through improved practices in application, which reduced the amount of 
pesticides needed to be used in the fields (Liu and Libra, 1999). Currens (1999) 
conducted an investigation of the Pleasant Spring basin in Logan County, Kentucky. 
Triazine concentrations were found to be as high as 44 (j.g/L during spring flooding. 
Peak triazine levels coincided with peak sediment levels, but the relationship was 
considered coincidental. None of these studies examined pesticides adsorbed to 
sediments. 
Ryan and Meiman (1996) and Hess and White (1988) have both examined the 
characteristics of storm pulses in the Mammoth Cave karst aquifer. Hess and White 
(1988) found that an increase in temperature and a decrease in specific conductivity occur 
during and immediately following storm events. They noted a lag between the beginning 
of precipitation and the change in temperature and conductivity. They attributed the lag 
to the time needed for the runoff water from the storm to reach their sampling sites. After 
the main pulse of storm water, a series of fine fluctuations were also observed. These 
fluctuations were attributed to input from side conduits (Hess and White, 1988). Ryan 
and Meiman (1996) focused on water quality variations at Big Spring in Mammoth Cave 
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National Park in response to storms. They found an increase in turbidity and fecal 
coliform levels that corresponded closely with Hess and White's (1988) findings on 
specific conductivity. They noted that the lag between the beginning of the storm and the 
increase of pollutants was variable with as regards time, but constant as regards the 
amount of water that was displaced. They concluded that the lag was attributable to the 
flushing of water in storage from the aquifer. Dye traces were conducted from proximal 
inputs (i.e., near the spring) where forest was the dominant cover and from distal inputs 
(farther from the spring) where agriculture was dominant. Peak levels of turbidity and 
fecal coliform were closely correlated with the breakthrough of dye from the distal 
inputs. They concluded that high frequency, flow dependent sampling was necessary to 
characterize water quality in karst aquifers (Ryan and Meiman, 1996). 
Chapter III. 
Site Description 
This study was conducted at the Hawkins River in Mammoth Cave National Park , 
Kentucky. Mammoth Cave is located in south central Kentucky, which lies in the 
Mississippian Plateaus region of the Interior Lowland Plateaus physiographic province. 
The Mississippian Plateaus are found throughout most of central and south central 
Kentucky, as well as north central Tennessee. Several distinct plateaus comprise this 
region (Figure 5). 
The Pennyroyal Sinkhole Plain is a widespread region in which Mississippian 
limestones make up the bedrock. This plateau is characterized by its highly developed 
karst features, including numerous sinkholes, sinking streams, and caves. Surface 
drainage is almost nonexistent over large areas of the sinkhole plain, since all runoff is 
directly transported to the subsurface via the above mentioned karst features. The 
Dripping Springs Escarpment (also known as the Chester Escarpment) marks the 
boundary of the Pennyroyal and the Mammoth Cave Plateaus. 
The Mammoth Cave Plateau (also known as the Chester Upland) is capped by 
resistant Mississippian and Pennsylvanian sandstones. However, incision of rivers and 
streams exposes the older Mississippian limestones in the deeper valleys. Mammoth 
Cave is located near the boundary of the Pennyroyal Plateau and the Mammoth Cave 
Plateau. The portion of the Pennyroyal adjacent to the Mammoth Cave Plateau is a well-
developed sinkhole plain on the upper Mississippian St. Louis limestone and the Ste. 
Genevieve limestone (Haynes, 1964). The Mammoth Cave Plateau is composed primarily 
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Figure 5. Physiography of the central United States. Note that the Mammoth Cave Plateau and the 
Dripping Springs Escarpment are referred to as the Chester Upland and Chester Escarpment, 
respectively in this figure (Source: Palmer, 1981) 
of Mississippian limestones and sandstones, though some outcrops of Pennsylvanian 
sandstone are also present (Figure 6.) Mammoth Cave itself is found in the St. Louis, 
Ste. Genevieve, and Girkin limestones, which are overlain by the Big Clifty sandstone 
(Haynes, 1964). The Big Clifty forms a resistant caprock over the limestone, an 
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Figure 6. Stratigraphic column of the Mammoth Cave area. (Source: Palmer, 1981) 
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important element in the speleogenesis of Mammoth Cave. The Mammoth Cave Plateau 
is deeply incised by the Green River, which is the base level for the area. Mammoth 
Cave, which is currently the world's longest known cave, is the main trunk of the 
drainage network for the aquifer (White, 1989; Quinlan and Ray, 1984; Palmer, 1981). 
The Hawkins River is a subsurface stream located in the Turnhole Bend Drainage 
Basin of Mammoth Cave (Hess et al., 1989, Ray and Currens, 1989; Quinlan and Ray, 
1984). This basin drains an area of approximately 244 km (Figure 7). Sixty percent of 
the recharge area is on the sinkhole plain and forty percent on the Mammoth Cave 
Plateau (Hess, 1974). The outlet for the basin is Turnhole Spring, located on the outside 
meander of Turnhole Bend on the Green River. The Turnhole Bend Drainage Basin is 
subdivided into the Mill Hole and Proctor sub-basins, and the Proctor is further 
subdivided into the Cave City and Patoka Creek sub-basins. The Patoka Creek sub-basin 
is drained by the Hawkins River, which flows westward to Turnhole Spring. It drains a 
71 km2 area. Much of this area is outside the boundary of MCNP, and landuse is 
primarily agricultural (Figure 8). Park City is also located within this basin (Ray and 
Currens, 1989, Quinlan and Ray, 1984). 
Three primary soil associations are found in the study area. The United States 
Department of Agriculture (USD A) has characterized and mapped these soil associations 
(USDA, 1969). The soils of the Mammoth Cave Plateau are of the Weikart-Caneyville-
Wellstone-Zanesville association. These soils range from shallow to moderately deep, 
are well drained, and range in composition from thin, rocky, silty-loams on hillsides to 
thicker loamy soils on the ridge tops (USDA, 1969). The Cumberland-Pembroke 
association includes the soils on the sinkhole plain adjacent to the Dripping Springs 
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escarpment and those found in the karst valleys in the Mammoth Cave Plateau. They are 
characterized as clayey or loamy soils associated with the sinkhole plain (USDA, 1969). 
The USDA (1969) notes that 90% of this association is used for agriculture. The third 
soil association found in the basin is the Dickson-Melvin-Crider Association. These are, 
in general, moderately deep, poorly to moderately well drained silty soils. They are 
found to the south of the Cumberland-Pembroke soils. They are not generally found on 
the sinkhole plain, but on portions of the lower St. Louis limestone which are not as 
prone to solutional weathering as the upper St. Louis limestone (USDA, 1969, Howard, 
1968). 
In the mid-1980s, the late Dr. Jim Quinlan, then Park Geologist for Mammoth 
Cave, drilled two 145 meter deep wells into the Hawkins and Logsdon Rivers just 
upstream from their confluence. These wells, less than 100 meters apart on the surface, 
allow both the Hawkins and Logdson Rivers to be continuously monitored from the 
surface. The instrument packages currently installed on the wells allow researchers to 
collect data on specific conductance, temperature, stage, and velocity at two-minute 
intervals. In addition, both wells are equipped with pumps that allow water samples to be 
collected from the surface (Anthony, 1998; Groves and Meiman, 1996; Hall, 1996; 
Groves and Meiman, 1995). In this study, the Hawkins River well was used in sample 
and data collection. 
Chapter IV 
Methods 
Collection of water samples took place at the Hawkins River wellhead off of the 
Union City Road in Mammoth Cave National Park. Weather forecasts were monitored 
beginning on April 15th, 2001, the estimated time of atrazine application, for probabilities 
of high-intensity storm events that would be likely to produce runoff of sediments from 
the surface (Hatchett, 2000). Four storm events were sampled, but only the fourth one, 
which occurred June 4th, 2001, produced runoff sufficient to create turbid flows in the 
cave stream. 
Sampling was begun as soon as possible after the beginning of a storm event and 
continued until either the hydrograph was well into its falling leg and no increase in 
turbidity had been observed or until the turbidity of the samples was not visible to the 
naked eye. Samples were collected approximately every two hours, though there were 
circumstances, notably problems with the air compressor at the well, that made it 
impossible to maintain the sampling schedule. One occurrence of this problem was at the 
beginning of the early morning hours of June 5th (Julian Day 156), which unfortunately 
coincided with the peak concentrations of atrazine. The problem was determined to be a 
faulty spark plug on the air compressor at the well. 
At each collection time, the compressor was turned on ten to fifteen minutes before 
the sample was actually collected in order to ensure that the samples collected were not 
contaminated by water from previous samples that may have been standing in the pump 
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tubing. At each collection time, three separate samples were collected. The first was a 
raw water sample collected in a 50 ml glass, amber vial. The second sample was 
collected for the purpose of measuring turbidity and in a 100 ml opaque plastic bottle. 
The third sample was collected in a disposable plastic container; immediately after 
collection, 50 ml was filtered with a .45 jj, filter to remove the sediment from the sample 
and stored in a 50 ml glass amber vial. All samples were placed in a cold ice chest until 
they could be transferred to a refrigerator. Other parameters measured in the field 
included pH (-log H+ concentration), specific conductivity (SpC), temperature (°C), and 
time of collection. Time was recorded using both the Gregorian calendar date with 
Central Standard Time (CST) and Julian Days and decimal hours. Julian Days are 
numeric dates beginning with Julian Day 1 on January 1st and ending with Julian Day 365 
on December 31st. Decimal hours were computed by converting minutes into fractions of 
an hour (1 minute = 0.0166 hour) and then converting hours into fractions of a day ( 1 
hour = 0.0416 day). Conductivity and pH were determined using Cole Parmer handheld 
probes, and temperature was determined using a mercury thermometer. 
The analysis of the samples was conducted by the researcher at both the Ogden 
Environmental Laboratory and at the Hoffman Environmental Research Institute's 
laboratory facility, both located at Western Kentucky University. Analytical methods 
used included both RaPID Immunoassay analysis for atrazine concentration (EPA 
Method 4640) and spectrophotometery on a Hach DR/2010 spectrophotometer for 
turbidity. 
Enzyme linked immunosorbant assays (ELISAs) utilize antibodies attuned to the 
chemical being tested and a known concentration of enzyme-labeled analyte to determine 
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the concentration of the chemical in the sample. The antibodies selectively remove the 
chemical being identified from the solution. As the concentration of the analyte in the 
sample increases, the number of sites it occupies on the antibody increase proportionally. 
A reagent is added that reacts with the enzyme-labeled analyte and alters its color. Using 
a spectrophotometer, the precise color of the resulting solution can be determined. The 
color value of the final solution correlates to a known concentration of analyte in solution 
(SDI, 2001a). Tests have shown the concentrations of atrazine found using immunoassay 
tests have a 98% correlation with concentrations found using gas chromatography/mass 
spectroscopy tests (SDI, 2001b). 
In order to differentiate atrazine that was dissolved in the aqueous solution from 
atrazine bound to the sediments, the samples were split into three parts. Different 
treatments were applied to each part. The samples that were filtered at the time of 
collection were taken to the Hoffman Environmental Research Institute's laboratory and 
tested for atrazine concentration. This treatment will hereafter be referred to as the 
"filtered samples." The second treatment was applied to raw water samples collected in 
the field. The sample was shaken to make a relatively homogenous suspension. Ten ml 
of the suspension was extracted with a volumetric pipette. The extracted sample was 
combined with 30 ml of pesticide grade methanol. The resulting suspension was shaken 
for 30 minutes on a wrist action shaker, then allowed to settle for 16 hours, shaken again 
for 30 minutes, and finally allowed to settle until the sediment had dropped out of 
suspension (approximately 24 hours). Once the sediment was allowed to settle, the 
supernate was tested for atrazine concentration. This treatment group will hereafter be 
referred to as the "extracted samples." The third treatment was also applied to raw water 
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samples. This sample group was allowed to set undisturbed for six days at room 
temperature in order to allow the adsorbed and dissolved fractions of atrazine in the 
sample to equilibrate. The samples were then run through a .45 p. filter and immediately 
analyzed for atrazine concentration. Samples associated with this treatment will hereafter 
be referred to as the "equilibrated samples." 
Data for atrazine concentrations in the filtered and the equilibrated samples were read 
directly from the results produced by the spectrophotometer. The atrazine concentrations 
of the extracted samples were calculated using equation 1. 
Ca= concentration of atrazine in the sample 
Vsampie= the volume of water and sediment 
VSUs
 =
 the volume of the sample + the volume of Methanol 
And Cr = the atrazine concentration obtained by immunoassay analysis 
In all cases in this study, the volume of the suspension was 40 ml and the volume of the 
sample was 10 ml, resulting in equation 2. 
[1] 
Where: 
Ca=4Cr [2] 
Results for turbidity were read directly from the Hach DR/2010. 
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Data storage and computations were preformed using the SigmaPlot 2000 
spreadsheet program. 
Chapter V 
Results 
Over the course of this study, four discrete storm events were sampled. Only the 
fourth of these storms produced the conditions required to conduct the study. This storm 
started early on the morning of June 4, 2001 (Julian Day 155.10). Most of the 
precipitation occurred during the early morning hours, but a second, smaller storm 
occurred at around 12:00 am (Julian Day 155.50). A small shower also occurred around 
midnight of June 5th (Julian Day 156.00). The first sample was collected at 11:00 a.m. 
(Julian Day 155.48). Figure 9 shows selected physical and chemical characteristics of 
this storm as recorded at the Hawkins River well. The stage of the Hawkins river peaked 
at about 11:00 a.m. (Julian Date 155.48) on the morning of the 4th at 2.81 meters above 
the datum. The falling limb leveled out at approximately midnight of the 5th of June 
(Julian date 156.0). Two other points of interest occur at approximately 4:30 a.m. (Julian 
Day 155.2) and 4:30 p.m. (Julian Day 155.7) on June 4th. At 4:30 a.m. on the 4th of June 
(Julian Day 155.2), the stage begins a dramatic rise. At approximately 4:30 p.m. (Julian 
Day 155.7) there is an apparent inflection, and the slope of the curve begins to level out. 
Conductivity is level during the early portion of the hydrograph, then drops sharply about 
an hour after the stage begins to rise (approximately Julian Day 155.25). At about 9:30 
a.m. (Julian Day 155.4), conductivity starts to recover, but then enters a deeper and more 
sustained trough at around noon on the 4th (Julian Day 155.5). The recovery from this 
second drop is much slower, beginning at around 2:30 a.m. on June 5th (Julian Day 156.1) 
and extending through the remainder of the hydrograph. The temperature of the 
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water shows only slight variation during the period sampled. Noteworthy, however, is 
the fact that the average temperature of water in the cave is approximately 12 °C (Hall, 
1996). All of the temperatures recorded during the storm pulse were warmer, ranging 
from 14.4 to 16.4 °C. 
Increased turbidity was already evident in the first sample collected (Figure 10). 
th 
There was a small peak in turbidity at approximately 1:00 p.m. on June 4 (Julian Day 
155.41), followed by a much larger peak at midnight of the 5th (Julian date 156.0). After 
this peak, the amount of turbidity dropped sharply until sampling was ceased. The 
turbidity peak lags the peak in stage by about eight hours. For the first three hours of 
sampling, turbidity and conductivity are roughly in phase. However, at around 3:30 p.m. 
(Julian Day 155.65), the turbidity begins to rise rapidly while conductivity drops. 
Atrazine concentrations of the filtered, extracted, and equilibrated treatment groups were 
vastly different. Figure 11 shows the concentrations of atrazine found in the filtered 
sample group and the equilibrated sample group. The equilibrated group is not graphed 
in this figure because the values were zero for all the samples in this group and were 
visually indistinguishable from the filtered sample group at this scale. Of the three 
treatments, the extracted sample had the highest atrazine concentrations in all of the 
samples. The concentrations of atrazine in the extracted sample group ranged from 3.68 
(j.g/L to 8.80 (J.g/L. These concentrations were above the MCL (3 |J.g/L) in every sample. 
The filtered samples had atrazine concentrations ranging from below the detection limit 
of the chosen analytical method to 0.1 p.g/L. A concentration of 0.07 (ig/L was found in 
four samples. 
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In order to compare the relative concentrations of the extracted sample group and 
the filtered sample group, they were graphed on separate axis (Figure 12.). There is a 
generally inverse relationship between the atrazine concentrations of the two groups. The 
most notable exception to this relationship occurs at approximately Julian Day 155.3, 
when the atrazine in the filtered samples peaks. One must take into consideration, 
however, that the dissolved concentrations of atrazine (i.e., the filtered sample 
concentrations) are very low in both an absolute sense and relative to the concentrations 
found in the extracted samples as well. 
Peak levels of atrazine found in the extracted sample group occurred well after the 
peaks of both stage and turbidity (Figure 13). However, the largest increase in the 
concentration of extracted atrazine coincides with the largest increase in turbidity (Julian 
Days 155.6-155.7). At other times, there is no apparent relationship between the two 
parameters. 
Extracted atrazine concentrations are highest during the time that conductivity is 
in its second, larger trough (Figure 14). As with turbidity, however, there is no evidence 
to suggest a direct relationship between the conductivity of the water and the 
concentration of atrazine bound to the sediment. 
Based on these data, neither temperature nor pH seem to play important roles in 
determining the concentrations of adsorbed atrazine (Figures 15 and 16), although there 
is support in the literature for both (Jenks et al., 1998; Drever, 1994; Green and 
Karickhoff, 1990). The variation in both of these parameters is low over the course of the 
sampling period. 
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The concentrations of atrazine in the filtered samples were at or below the 
detection limit of the analysis in all cases. The small amount of fluctuation in these 
samples and the potential inaccuracy of data recorded below the official minimum 
detection limit prevented the analysis of the relationship between dissolved atrazine and 
the other parameters measured in the study. 
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Figure 15. Extracted atrazine, stage, and pH of the Hawkins River during the June 4 lh storm event 
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Chapter VI. 
Discussion and Conclusions 
The primary conclusion drawn from this research is that sediments did apparently 
play an important role in the transport of atrazine in the Hawkins River during the 
sampled storm on Julian Day 155, 2001 (Figure 11). It also appears that given time to 
equilibrate all or most of the atrazine that was in the water was eventually adsorbed. The 
indication is that sediment may in fact reduce the concentration of atrazine dissolved in 
the water. The apparent adsorption of atrazine to the sediments after sample collection 
also suggests that researchers should use caution during sample collection. Atrazine is 
listed as having a two-week holding time, which is longer than the time given for the 
sediments to equilibrate. Depressing the temperature may retard the adsorption process, 
but it would seem prudent to filter samples in the field if the presence of dissolved 
atrazine concentration is being tested, especially if the water being tested is turbid (Jenks 
et al., 1998; Drever, 1994; Green and Karickhoff, 1990). 
The hydrology of the storm on June 4th (Julian day 155) was consistent with the 
models proposed by Hess and White(1988) and Ryan and Meiman(1996). There was a 
lag between the time that stage increased and the drop in conductivity, indicative of the 
flushing of storage water. The sudden, sharp drop of conductivity is an indication of the 
arrival of stormwater at the groundwater monitoring site. However, shortly after the 
initial drop in conductivity, it began to rise again, only to drop again into a deeper and 
more sustained trough. It is suggested that this pattern is the result of two distinct pulses 
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of storm water passing the sample location. The first, which caused the initial drop in 
conductivity, is interpreted to have come from proximal sources, mostly within the 
MCNP, and entered the system via vertical shafts or nearby sinks. The second pulse, 
which was much larger, is interpreted to have come from distal sources outside the park 
boundary on the upper end of the basin such as sinkholes, sinking streams, and 
infiltration from the epikarst. The rapid increase of turbidity that coincides with the 
second drop in conductivity supports this conclusion, as the most likely source of these 
sediments is from agricultural areas in the upper basin. The warmer than normal 
temperature of the water during the storm, an indication of a short residence time in the 
cave, gives further credence to this interpretation of the data. 
The patterns in the water chemistry recorded during this study are similar to those 
observed by Ryan and Meiman (1996) during their study of storm response in MCNP. 
The atrazine concentration of the extracted samples was higher during the second pulse, 
which is not surprising since these waters were likely in direct contact with the source of 
the atrazine. The surprising factor, however, was that even before the water from the 
distal inputs reached the well, there was still a considerable amount of atrazine found on 
the sediment (Figure 11). The suggestion is that there may have been atrazine on 
sediments that were already in the cave. Every rain event had been monitored since the 
atrazine was applied in April, and none of them produced detectable concentrations of 
atrazine or sediment. There are several possible explanations for this phenomenon. First, 
it is possible that mixing of water originating from distal and proximal sources occurred. 
This explanation is not consistent with the results of previous work done by Ryan and 
Meiman (1996) and Hess and White (1988), however. A second possibility is that 
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dissolved atrazine had entered the system and was adsorbed in transit. The sediment's 
capability to adsorb atrazine is supported by the fact that the equilibrated sample group in 
this study apparently continued to adsorb the pesticide even after collection. However, 
the source of the dissolved atrazine still remains an unanswered question. The third 
possibility is that little or none of the atrazine found on the sediments collected early in 
the storm event originated from the current year's application, but were from previous 
applications in the spring or fall of the previous year. Fourth, it is possible that the few 
fields close to the well location contributed more sediment-borne atrazine than was 
expected (Figure 8). The final possibility is that the three smaller storms that occurred 
between April 15th and June 4th washed some contaminated sediments into the system but 
did not create flow of a sufficient velocity to transport the sediments to the Hawkins 
River well. Since these sediments were already in the system, they would have reached 
the well before the sediments that were carried from the fields during the June 4th storm 
event. 
An important detail that emerged from examining the data was that while there 
was a general increase in the level of sediment-borne atrazine as the amount of turbidity 
increased, the two curves were not generally in phase (Figure 13). The levels of 
extracted atrazine remain more or less the same throughout the later part of the falling 
limb of the hydrograph, but sediment levels taper off. A likely explanation of this 
behavior is that there is some fraction of the sediment that has a greater affinity for 
atrazine adsorption than do the other parts. Fine organic materials, complexed metal 
oxides, clays, or some combination of the three could all be responsible for this behavior 
(Jenks etal, 1998; Drever, 1997; Green, 1974). 
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The absence of dissolved atrazine in the samples collected during the storm pulse 
also warrants some discussion. Results from prior studies in this region, and even at the 
same location, found much higher concentrations of atrazine in karst systems without 
examining atrazine bonded to sediments (Currens, 1999; Meiman, 1999). Had this study 
focused only on the dissolved atrazine, however, there would have been little to report. 
The most likely explanation would be that the lack of atrazine found in the dissolved 
phase was the result of weather patterns during the study period. Shipitalo et al. (1990) 
reported that a light rain following the application of atrazine to a field forced atrazine 
into the soil matrix, greatly reducing its potential for transport. In late April and May of 
2001, there were three storm events that produced no turbidity or detectable increases in 
atrazine at the Hawkins River well, but could have facilitated the movement of atrazine 
into the soil matrix. A second possible factor was the amount of time that elapsed 
between the application of the atrazine and a storm event large enough to move sediment 
through the cave. This time lapse gave the weeds and the corn in the fields ample time to 
uptake the atrazine and for excess atrazine to be adsorbed to sediments. The conditions 
in south central Kentucky during the spring of 2001 were unusually dry; however, if 
spring rainfall been normal, or if a major storm had occurred immediately after atrazine 
was applied, it is possible that the results of this study could have been very different. 
The degree to which the physical and chemical parameters of the water influence 
the adsorption of atrazine to sediment was not clear from the data gathered. The graphs 
produced for this research showed no clear relationships between any of these parameters 
and the concentrations of atrazine in either the dissolved or adsorbed phase. 
Additionally, the number of sample points was too small to produce meaningful statistics. 
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While this outcome does not necessarily mean that these parameters do not influence 
whether or not atrazine will be transported in an adsorbed or in a dissolved phase, no 
such patterns were evident in this data set. 
The results of this study suggest that the transport of atrazine by adsorption on 
sediments did in fact occur during this storm event. As is often the case with scientific 
research, however, more questions are created than are answered by this study. The 
difference between the atrazine adsorption capacity of sediments of various sizes and 
mineralogical or chemical compositions is an issue that could have a profound impact on 
land management practices. A detailed analysis of the sediments found in the Hawkins 
River and throughout the Patoka Creek basin is essential to understanding the behavior of 
atrazine adsorption in this watershed. Specifically, the identification of clay mineral and 
organic particulates and an analysis of their affinity for atrazine adsorption could be very 
useful. 
Another important issue is the long-term fate of the atrazine that is adsorbed to the 
sediments. Finding atrazine bonded to sediments early in the storm raises the possibility 
of long-term persistence of adsorbed atrazine in the cave. Two important questions arise 
from this observation. First, to what degree and for how long does atrazine persist in the 
cave environment? Second, if atrazine does persist in the cave, how does it behave 
during its residence? Does it remain bonded to the sediment until it breaks down, or is it 
subsequently released into the environment? Does the adsorption of atrazine to these 
sediments retard the breakdown process? What are the impacts, if any, that these 
adsorbed molecules have on the cave ecosystem? 
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It is important to point out that the major limitation of this research is that it 
addresses only what occurred at one specific time in one specific place. Perhaps the most 
important continuation of this work is to expand its scope. Examining sediment-borne 
atrazine during various meteorological scenarios, in different basins, and at different 
times of year are critical in the efforts to understand this contaminant. It is also suggested 
that sampling at different locations within a basin could be useful in understanding the 
dynamics of this transport mode. 
A more detailed examination of the influence of various chemical parameters 
might also reveal useful information regarding atrazine transport. Although no 
relationships were found between any of the parameters examined in this study and 
atrazine adsorption to sediments, there is a strong possibility that by studying a wider 
array of locations and/or events such relationships might be more evident. 
It is hoped future research will continue to explore the questions that have been 
raised by this work. This research should serve as a point at which to begin these 
discussions, and will hopefully be of use to researchers and land managers in their future 
efforts to understand herbicide contamination in karst and minimize their impact. 
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Appendix A 
Data 
53 
Julian Day Precipitation pH Turbidity SpC Temperat Stag 
(cm) (FAU) ure e 
155 0.50 8.95 0.10 
3 6 
155.04166 0.50 8.94 0.10 
67 3 6 
155.08333 0.2 0.50 8.93 0.10 
33 4 9 
155.125 0.39 0.50 8.94 0.10 
3 6 
155.16666 0.79 0.50 9.01 0.10 
67 3 9 
155.20833 0.03 0.50 8.93 0.11 
33 4 3 
155.2225 0.31 0.50 8.92 0.18 
4 1 
155.22333 0.50 8.93 0.14 
33 4 
155.25 0.31 0.50 8.93 0.2 
4 
155.26583 0.50 8.94 0.42 
33 2 6 
155.26666 0.50 8.93 0.44 
67 2 7 
155.2675 0.50 8.93 0.47 
2 1 
155.26833 0.50 8.94 0.49 
33 2 6 
155.26916 0.50 8.93 0.52 
67 2 2 
155.27 0.50 8.93 0.55 
1 
155.27083 0.50 8.94 0.57 
33 1 7 
155.27166 0.50 8.94 0.60 
67 1 5 
155.2725 0.50 8.94 0.63 
1 4 
155.27333 0.50 8.95 0.66 
33 1 3 
155.27416 0.50 8.94 0.69 
67 1 1 
155.29166 0.50 8.94 0.71 
67 2 8 
54 
155.29166 0.50 8.94 0.71 
67 2 8 
155.2925 0.50 8.93 0.74 
2 4 
155.29333 0.50 8.94 0.77 
33 2 4 
155.29416 0.50 8.93 0.80 
67 2 1 
155.295 0.50 8.93 0.83 
2 1 
155.29583 0.5 8.94 0.85 
33 9 
155.29666 0.49 8.93 0.88 
67 9 9 
155.2975 0.49 8.92 0.91 
8 8 
155.29833 0.49 8.91 0.94 
33 8 6 
155.29916 0.49 8.94 0.97 
67 7 6 
155.3 0.49 8.92 1.00 
7 5 
155.30083 0.49 8.92 1.03 
33 7 4 
155.30166 0.49 8.92 1.06 
67 8 3 
155.3025 0.49 8.91 1.09 
7 
155.30333 0.49 8.92 1.12 
33 6 1 
155.30416 0.49 8.9 1.15 
67 2 
155.305 0.48 8.87 1.18 
4 2 
155.30583 0.47 8.82 1.21 
33 2 7 
155.30666 0.45 8.75 1.26 
67 8 
155.3075 0.44 8.7 1.30 
4 2 
155.30833 0.43 8.63 1.34 
33 1 4 
155.30916 0.42 8.57 1.37 
67 8 
155.31 0.41 8.54 1.40 
3 9 
55 
155.31083 0.40 8.53 1.44 
33 6 1 
155.31166 0.40 8.52 1.47 
67 3 2 
155.3125 0.40 8.52 1.50 
3 4 
155.31333 0.40 8.53 1.54 
33 3 
155.31416 0.40 8.55 1.57 
67 4 4 
155.315 0.40 8.55 1.61 
5 
155.31583 0.40 8.57 1.64 
33 5 5 
155.33333 0.40 8.59 1.67 
33 6 8 
155.33333 0.40 8.59 1.67 
33 6 8 
155.33416 0.40 8.6 1.70 
67 6 8 
155.335 0.40 8.63 1.73 
8 8 
155.33583 0.41 8.64 1.76 
33 7 
155.33666 0.41 8.64 1.79 
67 2 6 
155.3375 0.41 8.65 1.82 
4 6 
155.33833 0.41 8.67 1.85 
33 6 2 
155.33916 0.41 8.67 1.88 
67 8 3 
155.34 0.41 8.69 1.91 
9 6 
155.34083 0.42 8.69 1.94 
33 1 8 
155.34166 0.42 8.68 1.98 
67 1 1 
155.3425 0.42 8.68 2.01 
5 
155.34333 0.41 8.68 2.05 
33 8 
155.34416 0.41 8.68 2.08 
67 5 6 
155.345 0.41 8.68 2.12 
1 
56 
155.34583 0.40 8.64 2.15 
33 7 1 
155.34666 0.40 8.65 2.17 
67 5 9 
155.3475 0.40 8.63 2.20 
3 6 
155.34833 0.40 8.65 2.23 
33 2 3 
155.34916 0.40 8.63 2.25 
67 1 7 
155.35 0.4 8.63 2.28 
1 
155.35083 0.39 8.62 2.30 
33 8 3 
155.35166 0.39 8.62 2.32 
67 6 7 
155.3525 0.39 8.63 2.34 
3 8 
155.35333 0.38 8.63 2.36 
33 9 8 
155.35416 0.38 8.62 2.38 
67 7 9 
155.35583 0.38 8.62 2.42 
33 3 8 
155.35666 0.38 8.6 2.44 
67 2 9 
155.375 0.37 8.6 2.48 
9 5 
155.41666 0.35 8.51 2.79 
67 6 8 
155.45833 7.15 178 0.38 8.7 2.80 
33 2 7 
155.5 0.39 8.72 2.64 
9 2 
155.54166 0.40 8.74 2.39 
67 8 6 
155.5438 7.25 207 
155.58333 0.29 7.1 177 0.39 8.77 2.14 
33 6 3 
155.625 0.37 8.8 1.90 
7 4 
155.6292 7.34 159 
155.66666 7.3 201 0.36 8.84 1.74 
67 3 
155.70833 0.36 8.86 1.64 
33 1 8 
57 
155.7167 7.29 274 
155.75 0.35 8.87 1.55 
6 9 
155.79166 0.34 8.84 1.47 
67 2 4 
155.7958 7.31 338 
155.83333 0.34 8.89 1.36 
33 2 5 
155.875 0.34 8.93 1.25 
4 
155.91666 0.04 0.34 8.9 1.14 
67 9 
155.9292 7.31 364 
155.95833 0.33 8.88 1.05 
33 7 
156 0.33 8.91 0.98 
6 
156.04166 7.38 171 0.33 8.88 0.93 
67 1 3 
156.08333 0.32 8.9 0.89 
33 4 9 
156.125 0.32 8.91 0.88 
3 
156.16666 0.32 8.9 0.87 
67 1 5 
156.20833 0.32 8.9 0.87 
33 3 2 
156.25 7.26 96 0.32 8.9 0.87 
5 4 
156.29166 0.32 8.92 0.87 
67 8 2 
156.3042 7.34 96 
156.33333 0.33 8.92 0.86 
33 1 9 
156.375 7.32 86 0.33 8.92 0.86 
3 7 
156.41666 0.33 8.93 0.86 
67 4 5 
156.45833 7.33 78 0.33 8.93 0.86 
33 7 1 
156.5 0.34 8.93 0.85 
2 7 
156.54166 7.38 63 0.34 8.93 0.84 
67 9 8 
156.58333 0.35 8.91 0.84 
33 8 2 
58 
156.625 7.35 49 0.36 8.95 0.83 
5 2 
156.66666 0.37 8.95 0.81 
67 3 8 
156.70833 0.38 8.93 0.80 
33 4 
156.75 0.38 8.98 0.78 
6 6 
156.79166 0.39 8.96 0.77 
67 3 
156.83333 0.39 8.94 0.75 
33 9 7 
156.875 0.40 8.96 0.74 
4 
156.91666 0.40 8.99 0.72 
67 8 5 
156.95833 0.41 8.97 0.70 
33 5 
Julian Day 
155.4583333 
155.5 
155.5416667 
155.5438 
155.5833333 
155.625 
155.6292 
155.6666667 
155.7083333 
155.7167 
155.75 
155.7916667 
155.7958 
155.8333333 
155.875 
155.9166667 
155.9292 
155.9583333 
156 
156.0416667 
156.0833333 
Extra Filtered 
cted 
Atraz Atrazine 
ine (ppb) 
(ppb) 
5.36 0.05 
4.36 
5.32 
3.68 
5 
7.32 
0.07 
0.07 
0.06 
0.06 
0.06 
6.04 0.04 
6.4 
Equilibrated 
Atrazine(ppb) 
0 
0 
0 
0 
0 
5.88 
59 
156.125 
156.1666667 
156.2083333 
156.25 8.8 
156.2916667 
156.3042 6.16 
156.3333333 
156.375 6.04 
156.4166667 
156.4583333 7.04 
156.5 
156.5416667 5.36 
156.5833333 
156.625 5.68 
0.05 0 
0.1 0 
0.02 0 
0.07 0 
0.07 0 
0.06 0 
